ABSTRACT We previously described Salmonella enterica serovar Heidelberg isolates harboring a chromosomal gene cluster similar to the glutathione S-transferase gene, a putative fosA gene conferring resistance to fosfomycin. Here, we show that this new gene, named fosA7, confers resistance to fosfomycin. The introduction of fosA7 into the fosfomycin-susceptible Salmonella enterica serovar Enteritidis resulted in a substantial increase in the fosfomycin MIC. This finding increases the awareness of antibiotic resistance in Salmonella Heidelberg from broilers as related to the food safety and public health.
M
any pathogenic bacteria have shown resistance to fosfomycin. Recently, a high prevalence of plasmid-mediated fosfomycin resistance among CTX-M-producing Escherichia coli strains in clinical settings (1) (2) (3) (4) (5) and in companion animals (6, 7) has been reported in several countries. Most bacteria are inherently resistant to fosfomycin and carry chromosomal mutations that impair its transport, while others possess fosfomycin-modifying enzymes. Several of these enzymes have been reported in a wide range of Gram-negative bacteria and in some Gram-positive pathogenic bacteria. Fosfomycin resistance was first reported in the early 1980s in a clinical Serratia marcescens strain carrying a plasmid-mediated transposable element, Tn2921, which harbored the fosA gene flanked by two terminal copies of an identical insertion sequence (8) . The fosA gene product is a glutathione S-transferase, a metalloenzyme transferred through plasmids to Enterobacteriaceae, with two other variants found in Pseudomonas aeruginosa (9) . New subtypes of fosA with similar structures have been described (fosA2, fosA3, fosA4, fosA5 fosA6, fosB, fosC, fosC2, fosX, and fosK); the mechanism of resistance associated with each of them has been reviewed elsewhere (10) (11) (12) (13) (14) .
We previously described Salmonella enterica serovar Heidelberg isolates harboring a glutathione S-transferase gene cluster having 76 to 80% amino acid sequence similarity with fosA (15) . Since such similarities do not translate into a function for an antimicrobial resistance phenotype, and due to the clinical relevance of fosfomycin, the objective of this study was to investigate the ability of this new gene to confer a fosfomycin resistance phenotype in S. enterica serovars. This gene was named fosA7 to remain consistent with the nomenclature after the latest fosA6 gene recently described by Guo et al. (14) .
The fosA7 gene was identified on the chromosomes of all four Salmonella Heidelberg strains, surrounded by two hypothetical genes of unknown functions (Fig. 1a) . The fosA7 gene has a coding sequence of 423 bp encoding a predicted FosA7 protein of 140 amino acid residues. NCBI-BLAST (16) analysis revealed that the FosA7 protein is highly conserved among different bacteria. Overall, FosA7 shared 30% to 78% amino acid sequence identity with other reported fosfomycin resistance gene subtype products (Fig. 1b) . This suggests phylogenetic relationships and a common ancestry with FosA2, FosA4, FosA5, FosA6, FosA TN (found in Serratia marcescens), and FosA PA (found in Pseudomonas aeruginosa) (Fig. 1c) . FosA7 shares 78.6%, 63.8%, 64.0%, and 62.6% sequence identities with FosA2, FosA4, FosA5, and FosA6, respectively, and 76.4% and 60.3% identities with FosA TN and FosA PA , respectively. Interestingly, no fosA7 homolog was found in the closely related Salmonella enterica Enteritidis serovar.
To assess the fosfomycin resistance phenotype conferred by the chromosomal fosA7 gene, the corresponding 720-bp region derived from the genomic DNA of donor Salmonella Heidelberg strain ABB07-SB3031 was cloned into a high-copy-number vector and transformed into the fosfomycin-susceptible Salmonella Enteritidis ABB07-SB3071. This fosA7-transformed S. Enteritidis strain exhibited complete resistance to fosfomycin (Fig. 2b) , in comparison to the recipient transformed with the empty vector, which showed susceptibility to fosfomycin, with an inhibitory zone size greater than 35 mm (Fig. 2a) . As shown on Fig. 2c , the contribution of fosA7 in the resistance to fosfomycin was further confirmed in Salmonella Enteritidis ABB07-SB3071 by performing a disk potentiation test, using phosphonoformate (PPF), a specific inhibitor of the fosA gene product, as described by Wachino et al. (17) .
The susceptibility results obtained from the disk diffusion assay were validated using serial broth and agar dilution methods, according to CLSI guidelines (18, 19) . The results were interpreted according to the current European Committee on Antimicrobial Susceptibility Testing (26) criteria (susceptible, Յ32 g/ml; resistant, Ͼ32 g/ml). The MIC values and the Kirby-Bauer test results of four fosA7-positive Salmonella Heidelberg strains and a fosA7-negative Salmonella Enteritidis strain used in this study are presented in Table 1 .
The recipient Salmonella Enteritidis ABB07-SB3071 (containing the fosA7 gene) showed a Ͼ256-fold increase in fosfomycin MIC (Ն512 g/ml), thus demonstrating an increased resistance compared to the parent donor strain (Table 1) . These results further suggest that fosA7 is responsible for fosfomycin resistance, and if transferred on plasmids, it can induce a high level of resistance in the recipient bacterial strain.
Fosfomycin was recently reintroduced in Canada for the treatment of acute uncomplicated urinary tract infections (UTIs) in adult women caused by E. coli and Enterococcus faecalis (20) . Several studies have reported the presence of fosfomycin resistance genes, along with various ␤-lactamases, including the AmpC-like and extendedspectrum ␤-lactamases (6, 10) . In this study, we characterized a newly identified fosA7 gene that confers resistance to fosfomycin in Salmonella Heidelberg strains isolated from broiler chickens. This fosA7 gene was expressed on a plasmid in a recipient S. Enteritidis strain to induce a Ͼ256-fold increase in the fosfomycin MIC value (MIC, Ն512 g/ml) compared to that of the parental nontransformed strain (MIC, Ն2 g/ml). The increase in fosfomycin resistance when fosA7 was transferred from the chromosome onto a plasmid suggests that the genetic background may play a role in the expression of this gene. A similar phenomenon was observed for several well-characterized resistance genes, such as chromosomal ␤-lactamases (21) .
Fosfomycin resistance is typically plasmid mediated in most members of Enterobacteriaceae (7) . Several published studies have determined the genetic environment of subtypes of this resistance gene, especially fosA3 by PCR mapping and sequencing (1, 22) . Two recent studies conducted by Yao et al. (7) and Lin and Chen (23) identified two genetic environments for fosA3 harboring two IS26 transposable elements surrounding the fosA3 gene. The cooccurrence of the fosfomycin resistance gene has often been detected in bla CTX-M -producing and multidrug-resistant bacteria (5, 23) . This could further challenge the use of fosfomycin as an alternative treatment approach against UTIs caused by both E. coli and Salmonella (24) . Contrary to all previously published data, Hou et al. (6) recently reported that the major type of genes conferring resistance to fosfomycin appears to be chromosomal rather than plasmid mediated. Kitanata et al. (25) identified an integron-mediated chromosomal fosfomycin resistance gene, fosK, in Acinetobacter soli harboring aminoglycoside-modifying enzymes encoded by the aacA4 gene. In the present study, to further explore the prevalence of fosA7, we performed a PCR in 15 Salmonella Heidelberg isolates in our collection, and all were found positive for the fosA7 gene. Additionally, we also performed a BLAST analysis of the FosA7 protein sequence (query length, 140 amino acids) among Salmonella serotypes (ϳ2,610 known to date) against the microbial protein database. Only 11 matches were found among Salmonella enterica strains. However, in our nucleotide BLAST search (query February 2017) showed no significant match. These findings reveal a limited prevalence of fosA7 among the Salmonella serotypes, with Salmonella Heidelberg being the most common carrier of this gene. Unlike E. coli and other pathogens where plasmidmediated fosfomycin has been detected, the fosA7 gene is exclusively located on the Salmonella chromosome.
In conclusion, we report for the first time a new fosfomycin resistance gene, fosA7, in Salmonella Heidelberg isolates recovered from broiler chickens in British Columbia, Canada. Currently, the presence of fosfomycin resistance among Salmonella species appears to be limited to a few serotypes. Because the fosA7 gene can confer a high level of resistance and is potentially transferable, it is of great concern that fosA7 could further spread via horizontal gene transfer within bacterial communities due to the increased use of fosfomycin in both clinical and veterinary settings. Vigilant monitoring for the spread of fosfomycin resistance in bacteria isolated from humans and animals is needed. Accession number(s). The fosfomycin resistance gene (fosA7) sequence is available in GenBank under the accession number KKE03230.1.
